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The Reacticn 3f Oxygen with Carbonaceous Compounds 
i n  t h e  Electrodeless Ring Discharge 
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I 

D Abstract 

The electrodeless  ring discharge has recent ly  found use i n  chemical analysis  as 
a means of removing carbon from graphi t ic  and organic compounds preceding elemental 
analysis  and determination of microstructure.  
d i t ions ,  t h e  relat ionship between oxidation r a t e  and sample temperature w a s  studied. 
Samples were immersed i n  a plasma produced by passing molecular o q g e n  through a 
radiofrequency f i e l d .  An inductively coupled, 13.56-We generator producing 95 watts 
was  u t i l i z e d .  Gas pressure was  1 . 2  t o r r ,  and flow 150 cc/min. The apparent activa- 
t i o n  energy of pure graphi te  was found t o  be 6 . 5  Kcal/mol i n  t h e  temperature range 

The ac t iva t ion  energy of both impure 
graphi te  and sucrose were s l i g h t l y  lower. These values are consis tent  with those of 
atomic oqgen .  
yielded an apparent ac t iva t ion  energy of 3.2 Kcal/mol i n  t h e  temperature range 150 
t o  3 0 0 O C .  
Increasing t h e  temperature of the  reaction tube ' s  walls decreased t h e  rate of carbon 
oxidation. 
t o  higher oxidation states. 
s t rongly temperature dependent. 

To determine appropriate react ion con- 

'' 100 t o  3OO0C, and zero a t  higher temperatures. 

The react ion of graphite with C02 did not occur below 1 X ) O C  and 

Oxidation rate was observed t o  depend on e l e c t r i c a l  f i e l d  configuration. 

Trace ions, such as Fe(I1) , Se(IV), Os(1V) , and iodide, were converted 
Neither oxidation nor v o l a t i l i t y  w a s  observed t o  be 

0 Introduction 

I n  1962 a method was reported f o r  t h e  decomposition of organic substances based 
on react ion with an oxygen plasma, produced by passing molecular gas through a radio- 
frequency electrodeless  discharge ( 5 ) .  
chemical s tudies .  
than t h a t  i n  convent iczd d r y  ashing. 

\ A s  a small quant i ty  of purif ied oxygen i s  the  only reagent, t h e  p o s s i b i l i t y  of chemical 
contamination i s  diminished. Applications o f  t h i s  method include: microincineration 
of b io logica l  specimens ( l3 ) ,  t h e  ashing of coa l  (6) and f i l t e r  paper ( 4 ) ,  and t h e  
recovery of mineral f i b e r s  from t i s s u e  (1). 

This method has found use i n  a v a r i e t y  of 

Destruction of mineral s t ruc ture  i s  reduced. 
Loss of t r a c e  elements through v o l a t i l i z a t i o n  and diffusion i s  less 

Several  reviews of a n a l y t i c a l  appl icat ions ! have been published (9) (14) . 
I n  conventional ashing both react ion r a t e  and retent ion of v o l a t i l e  components 

l a r e  s t rongly temperature dependent. However, disagreement exists as t o  t h e  e f f e c t  of 
I n  par t ,  t h i s  i s  due t o  d i f f i c d t y  i n  applying conven- 

1 t i o n a l  temperature measuring techniques t o  so l ids  immersed i n  a strong radiofrequency 
"field. The question i s  f u r t h e r  complicated by t h e  f a c t  t h a t  a s ingle  temperature 
\,cannot be assigned t o  t h e  system. Electrons i n  t h e  low pressure plasma are not  i n  
,, thermal equilibrium with t h e  ions and neut ra l  species.  
4 of t h e  specimen and t h e  surrounding vesse l  may d i f f e r  considerably. 
)\ ef fec ts  of temperature on oxidation rate, recombination of ac t ive  gaseous species,  

temperature i n  p l a sm ashing. 

Furthermore, t h e  temperature 
I n  t h i s  study t h e  

a d  v o l a t i l i t y  of inorganic reaction products a r e  considered. 

Experimental 

The react ion system employed i n  these s tud ies  ( f igure  1) consisted of a 100-cm 
I 
I 
long, 3.5-cm I .D., boros i l ica te  cyl inder  (Pyrex No. 7740). Specimens were placed on 
i 
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t h e  pr inc ipa l  axis 43 cm from t h e  gas inlet. A 0.6-cm tube, C, passed diametrically 
through the  cylinder and held t h e  spechen  on a cent ra l  projection. Sample tempera- 
t u re  was regulated, i n  par t ,  by c i rcu la t ing  l i qu ids  between t h i s  tube and a constant 
temperature bath. Radiofrequency exci ta t ion was supplied from a 250-watt, c rys ta l  
control led 13.56-MHz generator,  described previously (3) .  Except as otherwise noted, 
an output of 115 wat ts  was employed. Power was t ransferred t o  t h e  gas by means of 
impedance matching network terminating i n  a lo-turn c o i l  of $-inch O.D. copper tubing 
tapped 2 turns  from ground. 
w a s  1 2 . 5  cm long, was coaxial  with the  react ion tube and placed 10 hm from the gas 
in l e t .  

The co i l ,  B, which had an inside diameter of 4.5 cm and 

After passage through a rotometer, molecular gas entered the  react ion system 
through a capi l la ry  o r i f i ce ,  A .  Pressure was monitored by a McCloud gauge attached 
t o  s ide  ann E, located 50 cm beyond the  gas i n l e t .  
t o r r ;  and flow ra t e s  a t  150 cc per  minute, S.T.P. U.S.P. grade oxygen and instru-  
ment grade carbon dioxide w e r e  used. 

Pressure was maintained a t  1.2 

The temperature of  so l id  specimens i n  the plasma w a s  determined by means of an 
infrared radiat ion thermometer (Infrascope Model 3-lC00, Huggins Laboratories Inc., 
Sunnyvale, Cal i f . )  at tached t o  a chart  recorder. 
detector  and su i tab le  f i l t e r s  to  permit remote measurement of 1.2 t o  2.5~ radiation 
emitted by the  specimen. 
geneity i n  the  op t i ca l  f i e ld ,  empirical  ca l ibra t ion  curves were constructed. 
Themcouples  were employed t o  determine cylinder-wall temperatures. 
in te rac t ion  with the  radiofrequency f i e l d ,  the t ransmi t te r  was inact ivated during 
the  latter measurements. 

This device employs a lead sulf ide 

To compensate f o r  var ia t ions i n  emiss i t iv i ty  and inhomo- 

To eliminate 

High pur i ty  graphi te  rods (National Carbon Co., Grade AGKSP) were employed as 
These rods were 0.61 cm i n  diameter and had a cavi ty  machined 

The l a t t e r  were 

standard specimens. 
i n t o  t h e i r  base t o  a f f i x  them t o  the  cooling tube. 
containing s m a l l  quant i t ies  of  cupric  acetate  were a l so  epployed. 
produced by heating and then pressing a slurry of the salt solut ion and m-mesh 
graphi te  powder. 

P e l l e t s  of sucrose and carbon 

Results and Discussion 

Sample Temerature:  The temperature var ia t ion  of oxidation rate of graphite 
exposed t o  the  oxygen plasma i s  shown i n  f igure  2. 
Arrhenius equation, X = Ce'Ea/RT, f i t s  t h e  da ta  wel l  and yields  a value of 6.5 
Kcal/mol f o r  t he  apparent a c t i v a t i o n  energy, Ea. 
t e m e r a t u r e  s tudied,  oxidation rate i s  not dependent on temperature. The oxidation 

Over tpe  range 120 t o  300OC, the  

Between 300 and 450°C, t he  highest 

of graphi te  by molecular oxygen at high tempgrature i s  strongly dependent on the pu r i ty  
of t h e  graphi te .  
composed of pure graphi te  powder and inorganic salts were u t i l i zed .  
t h e  addi t ion of 0.01 _M cupric  ace ta te  a r e  shown i n  f igure  2. 
change i n  oxidation rate of pure and impure graphi te  with temperature i s  similar. 
However, the  rate of oxidat ion of t h e  impure graphite becomes independent of t a p r a -  
t u r e  at a lower temperature. 
concentrations of cupric a c e t a t e  led  t o  results which f e l l  between t h e  i l l u s t r a t ed  
curves. 

To determine i f  a similar effecb occurs i n  plasma oddat ion ,  pe l l e t s  
The resu l t s  of 

A t  low temperature t h e  

Measurements performed with specimens c o n t a b h g  1-r , 

The gas i n  the  law pressure electrodeless  discharge i s  chemically similar t o  t h a t  k 
in t h e  pos i t ive  column of a l o w  pressure arc .  
co l l i s ions  are frequent. The ions and n e u t r a l  species are ,  therefore,  near ly  in ther- 1 
m a l  quildbrium. 

Charge a t o d c  oxygen (%) i s  believed t o  be t h e  most abundant ac t ive  species. Higher 
energy states of atomic oxygen, pos i t ive  and negative ions,  and e lec t ronica l ly  

Wlecule-molecule and ion-molecule 

E la s t i c  co l l i s ions  between these species and electrons are l e s s  
' frequent.  A t  low pressure e lec t ron  temperatures a re  q u i t e  high. In the  oxygen die- 

1 
,, 
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Fig. 1. Experimental apparatus : capi l la ry  i n l e t ,  A ;  
power c o i l ,  B ;  specimen mounting tube,  C ;  sidearm t o  
manometer, D; o u t l e t  t o  vacuum pump, E. 
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Fig. 2. 
graphite rods,@, and graphite p e l l e t s  containing 0.01 ,M 
cupric a c e t a t e , A .  

Rate of oxidation vs.  surface temperature f o r  
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s t a t e s  of molecular o q g e n  a r e  a l s o  present. 

It i s  ins t ruc t ive  t o  compare these results with measurements of the  activation 
energy of graphite with atomic oxygen removed from the luminous discharge. 
ear ly  s tud ies  a v d u e  of zero was reported (2) (16). 
on temperature at  a pressure of 1.0 t o r r  and a value of 7 Kcal/mol a t  10 t o r r .  
difference was  a t t r ibu ted  t o  ozone formation. I n  a recent de ta i led  study of the  
atomic oxygen-graphite reac t ion ,  Marsh e t  a l .  (U) reported an activation energy of 
10 Kcal/mol between U and 2OO0C, 
of oxidation i n  these s tud ie s  was considerably lower than t h a t  obtained i n  the  plasm, 
t h e i r  values a re  consistent w i t h  t he  be l ie f  t ha t  atomic oqygen i s  a major reactant 
within the  discharge. 

I n  sever- 
/ 

Hennig (8) observed no dependence 
Th i s  

I 

which approached zero a t  350°C. 'Although the r a t e  

1 

Of a var ie ty  of specimens, only graphite exhibited an abrupt change i n  activation 
energy near 3Oo0C. 
of sucrose i s  approximately 4 Xcal/mol over the en t i r e  measurement range. 
dence of oxidation r a t e  f o r  graphi te  a t  high temperatures i s  ascribed t o  t h e  formation 
of surface oxides. 
compounds control r a t e  at elevated temperatures i n  excess oxygen. 
increasing radiofreqiiency power t o  the  discharge does not measurablv increase the r a t e  

For example, t h e  apparent ac t iva t ion  energy i n  the  decomposition 
The indepen- 

Numerous s tudies  of graphite combustion have shown tha t  such surface 
As anticipated,  

of graphite oxidation a t  high sample temperature. 

The exhaust gas of t he  ovgen-graphite reaction contains both carbon monoxide a d  
Tn the lumi~ous  discharge region these carbon dioxide, with the  lat ter predominating. 

gases reac t  with graphite.  The r e s u l t s  of measuremepts i n  which carbon dioxide was 
passed through the  radiofrequency f i e l d  and then exposed t o  graphite rods activated 
are shown i n  figure 3. Between 150 and 4OOOC t he  Arhennius equation f i t s  well, yield- 
ing  an apparent ac t iva t ion  energy of 3.2 Kcal,/mol. 
hour of carbon was removed. 
bombardment. 

Below 120°C l e s s  than one mg per 
T h i s  smal l  weight l o s s  is a t t r ibu ted  t o  ion and electron 

W& Conditions: I n  a number of experiments, increasing power beyond an optimum 
value l ed  t o  the  anomolous result of reducing ashing rate. E a r l i e r  it was noted t h a t  
placing a dry ice-acetone trap i n  the  exhaust stream extended the  length of the  lumi- 
nous discharge (5). 
carbon rod was  maintained at 200°C. The r e s u l t s  of a s e r i e s  of measurements a re  shown 
in f igu re  4. 
t u r e  i p  due t o  recombination of ac t ive  species a t  the w a l l ,  t he  ove ra l l  ac t iva t ion  
energy a t  low temperatures f o r  this process i s  approximately 2 Kcal/ml. 

To study t h i s  e f f ec t ,  w a l l  temperatures were varied while the 

Assuming t h a t  t h e  decrease i n  oxidation r a t e  at increased w a l l  tempera- 

The major sources lead ing  t o  loss of ac t ive  oxygen species are recombination of 
atomic oxygen and ions at the 'wa l l s  of t he  vessel .  
oxygen on g lass  surfaces has been investigated.  
that t h e  recombination coe f f i c i en t  of atomic oxygen on clean boros i l ica te  g lass  
(Pyrex) w a s  independent of temperature. 
contaminated surfaces. 
a number of oxide surfaces,  i n  a l l  cases the  recombination coef f ic ien t  was temperature 
dependent. 
temperature range 15  t o  3OOOC. 

The recombination of discharged 
Linnett  and Marsden (10) reported 

However, pos i t ive  values were observed on 

For s i l i c a  apparent ac t iva t ion  energies were 1 t o  13 Kcal/mol over the 

I n  a l a t e r  s e r i e s  of papers Greaves and Linnett  (7) studied 

The exceptional nature of Pyrex was noted. 

' 

' The second major source of l o s s  of ac t ive  species r e s u l t s  f r o m  electron-ion 
recombination a t  the  chamber wal l s .  The e l e c t r i c  f i e l d  r e s t r i c t s  t he  d r i f t  of ions 
t o  the  chamber w a l l s .  
bu t  is  l imited by the  presence of negatively charged oqgen  ions i n  the  discharge (15). 

symmetric e l e c t r i c a l  f i e l d  will enhance w a l l  recombination, producing an inarease i n  
. w a l l  temperature and a reduction of oxidation r a t e .  

reduced odda t ion  r a t e  by more than ten per  cent. Grounding the  r ing i n  c o m n  with 

Rate of-recombination i s  controlled by ambipolar diffusion, 

Although d i f fus ion  i s  not dependent on w a l l  temperature, a d i s to r t ion  of t h e  

The presence of a 6-cm long me ta l l i c  ring on t h e  ex te r io r  w a l l  of t he  
T h i s  e f f ec t  i s  noted i n  t & l e  1. 

< I 
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t h e  output c o i l  f u r t h e r  reduced the  oxidation ra te .  
oxidation r a t e  beyond t h e  ring was not grea t ly  reduced. 
also be introduced by changing the  angle between the end of t h e  output c o i l  and the 
reactSon tube. 
le&h of the  luminous discharge.  
discharges at higher pressure (12). 

T h i s  is a l o c a l  e f fec t ,  i n  that  
Distortion of the f i e l d  can 8 

Variations from a x i a l  symmetry led t o  reduced r a t e s  and decreased the , 
Similar e f f e c t s  have been observed i n  electrodeless 

Table I I 

Effect  of F ie ld  Distor t ion on Carbon Oxidation Rate 

Cbcidation Rate 
Angle w / h r  

Pyrex tube 00 79 

Pyrex tube and ungrounded 
copper ring 

copper ring 
Pyrex tube and grounded 

00 70 

00 62 1 

mrex tube 1 . 0  71 

Pyrex tube 3." 63 ' 

Effect  on Nineral Constituents:  It has been reported t h a t  there  is no appreciable ,, 
Nonvolatile species include: . loss of a number of metal ions  i n  plasma oxidation (4,s). 

Na(I), Cs(I I ) ,  Cu(II) ,  Zn(II) ,  Mn(II), Pb(II) ,  Cd(II) ,  Co(II), Ho(III), Er ( I I I ) ,  Fe(III) ,  
Cr(IIL),  As(III) ,  Sb(SII),  and Mo(V1). The ef fec t  of ashing temperature, the reason 
f o r  the surpr is ingly low v o l a t i l i t y ,  and the f ina l  oxidation d t a t e  of the  product were 
not previously explored. As p a r t  of t h e  present study, 20 t o  100 mg of compounds con- 
taining radioact ive t r a c e r s  were deposited on Whatman cel lulose f i l t e r s .  
tupxure t o  ashing for a s u f f i c i e n t  period t o  remove the f i l ter  paper, generally 30 
dnutes, t h e  a c t i v i t y  of t h e  ash was measured and the  o d d a t i o n  s t a t e  of t h e  element 
determined. 

After 

Specimen temperature was adjusted during ash- by a l t e r i n g  input power. 

These measurements a r e  summarized in t ab le  11. I n  general, temperature has l i t t l e  
e f f e c t  on retent ion.  These results and e a r u e r  observations Indicat ing complete reten- 
t i o n  of metals i n  compounds such a s  arseneous chloride and metalloporphyrFns ( 5 )  are 
believed t o  be due t o  competition between v o l a t i l i z a t i o n  and oxidation t o  leas  vola t i le  
compounds. 

I 
Unlike t h e  o t h e r  elements studied, the  highest valence oxide of o d u ,  

i s  t h e  most v o l a t i l e .  Therefore, t h i s  element is vola t i l i zed  In the  plasmrr 
on process. 

The v o l a t i l i t y  of iodide,  shown i n  f igure  5 ,  is a lso  consistent wlth the hypothe- { 
; 

sis of competition between v o l a t i l i z a t i o n  and oxidation. 
ashing was stopped a t  5 minute in te rva ls .  It is Been that loss of 1131 closely f o u m S  
ttie curve f o r  f i l ter  paper g s s i f i c a t i o n .  No loss of 1131 occurs after t h e  f i l t a r  

t h e  res idua l  1131 could be p r e c i  itated w i t h  s i l v e r  n i t r a t e ,  indicat ing t h a t  t h e  iodide 

t h e  iodine a c t i v i t y w a s  retained.  

During these measurements, 

paper is remved. Loss of I f 3l  varied between 15 and 35 per cent.  However, none Of 

had been oxidized. When t h e  113 E t r a c e r  was converted t o  N d O 3  before ashing, a l l  Of 

I ' 

i 

; 
i' 

, ,- . .  . , . . . 
< '  

t 
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Table I1 

Recovery o f  Trace Elements from Ashed F i l t e r  Paper 

Tracer 

Fe59 

Fe59 

' ~ e 7 5  

se75 

,8875 

se75 

- 
~. Highest Percent i n  

Max. sample Percent Oxidation Highest 
Compound Temperature Recovered S ta t e  Oxidation S ta t e  

I 
123 

120 

110 

250 

l l0 

250 

l l0 

250 

120, 

150 

* Recovered a f t e r  rinsing tube  w i t h  HF-HN03 

I11 

I11 

V 

V 

V 

V 

I 

I 

VI11 

.VI11 

95 

100 

91 

93 

100 

100 

-- 
c - 
- 
-- 

The behavior of s i l v e r  ion  represents a d i f f e ren t  type of ashing loss.  A s  
opposed t o  the  other metals i n  this study, only  75 t o  90 per  cent of the  Agum could 
be recovered f r o m  the  bo ros i l i ca t e  sample holder by r ins ing  with dilute n i t r i c  acid. 
To recover the  remainder of the  Ague? the  glassware had t o  be repeatedly rinsed with 
a warn mixture of nitric and hydrofluoric acids .  
temperature this d i f f i c u l t y  was ameliorated, but not eliminated. 

gY maintaining t h e  system a t  low 
r 

I 

Conclusion: A number of  ac t ive  species  a r e  known t o  be present i n  the  luminous 
e lec t rode less  discharge. 
those of  discharged oxygen i s ,no ted ,  it cannot be concluded tha t  within the  plasma 
o n l y t h e  react ions of atomic owgen are s igni f icant .  
appropriate  conditions f o r  t he  appl icat ion of the  electrodeless  discharge t o  decompose 
carbonaceous mater ia ls  p r i o r  t o  elemental analysis. 
temperature t o  200-300OC l eads  t o  an improvement i n  ash- r a t e  without appreciably 
increasing volatility losses .  

Although a s i k i l a r i t y  between react ions i n  the  plasma and 

1 The present study indicates  

l 
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